Visible/infrared dual-band microstrip filter arrays have been developed to be integrated with 512 × 512 PtSi CCD imaging sensor chips for multispectral imaging when it operates in the front-illumination mode. A high visible transmittance and high infrared reflectance ZAO (ZnO:Al) based coating for visible passband and an interference absorbing filter film for a mid-infrared passband have been designed and deposited on sapphire substrates. An effective double-layer lift-off technique that is compatible with high temperature deposition has been developed to create thick microstrip infrared film. The infrared passband film using germanium and yttrium fluoride as high and low refractive indices materials have been deposited by ion-beam-assisted electron beam evaporation. Tested optical performance results reveal that the visible and near-infrared transmittance of the infrared passband film is very low, which makes it ideal for mid-infrared imaging. Environmental durability testing shows that the microstrip arrays have good mechanical and thermal performances for practical applications.
Introduction
With today's emerging needs for miniaturization, compact, lightweight optical components such as microlens, micromirror, microprism and microfilter arrays are needed in various applications, e.g. in space applications, where payload weight and volume are limited and costly [1] [2] [3] . Conventionally, beam splitters and multiple detectors are used in multispectral imaging systems, which have been extensively applied in weapon guidance, remote sensing and security surveillance systems. Nowadays, for compact and low-cost considerations, there is a tendency to develop integrated sensor chips with microstructure filter arrays to eliminate beam splitters and multiple detectors.
There are two essential approaches to carrying out the integrated multispectral sensor chips. One is the monolithic integration method, in which the microfilter array is directly fabricated on the corresponding pixels of the detector chip. A typical example is the middle/long dual-band InGaAs/InP quantum well infrared detector [4] .
The other is the hybrid integration method in which the detector and the filter array are bonded together after these components are independently completed [5] . Each method has its advantages and disadvantages. The monolithic integration method has higher precision, higher optical efficiency and is more compact but has more complex processes, while the hybrid integration method has the advantages of simple processes and low cost but has the disadvantages of lower precision and lower optical efficiency.
Platinum silicide (PtSi) Schottky-barrier focal plane is conventionally operated in the back-illumination mode for mid-wavelength infrared (MWIR) imaging. However, it has also been found to exhibit excellent photoresponse in the spectral region from near-ultraviolet to near-infrared when working in the front-illumination mode [6] . Therefore, in the front-illumination mode, with special signal readout and processing techniques, multispectral application to obtain visible and infrared images simultaneously using a single chip is feasible. To achieve this operation mode, we propose a suitable microfilter array to be integrated with the sensor chip as a spectral separating component. We chose a hybrid integration method to achieve multispectral imaging with a single PtSi CCD chip because it is cost-effective and easy to be fabricated, though the optical efficiency may not be as high as the monolithic integration method.
In this paper, we propose a visible/infrared dual-band microfilter array to be integrated with PtSi CCD. The details of the design considerations and fabrication processes are given. We stress the discussion of how to accomplish the infrared band-pass filter array in which the visible and nearinfrared radiation are heavily blocked. In the discussion of the fabrication processes, an easy and effective lift-off method for patterning a thick film is investigated. The optical properties and structure features of the produced microfilter array are presented.
Design of a microfilter array

Requirements for application
The PtSi CCD sensor we used has 512 × 512 pixels and each pixel is 30 μm × 30 μm. The microfilter array containing 512 microstrips has been fabricated on a sapphire substrate and integrated with a CCD chip by flip-chip bonding technology as shown in figure 1. Among these microstrips, 256 strips can only transmit visible light, and the other 256 strips, which just have the reverse function, can only transmit infrared light. We chose sapphire as a substrate because it has high transmittance in the wide spectral region from visible to 5.5 μm, strong mechanical strength and relatively smaller refractive index as compared with other infrared materials. This microfilter array is aligned exactly with the sensing pixels and bonded with the CCD chip using indium bumps, leaving a gap of about 10 μm between them. After the integration is finished, visible and infrared light are separated for different sensing pixels and the influence of a stray ray is suppressed. Thus the signal-tonoise ratio (SNR) is enhanced and the quality of the obtained visible and infrared images is improved. Although the spatial resolution of this CCD chip is halved in one direction, they can still meet the needs for our applications.
The requirements of the optical performances of the microfilter array are as follows: (1) for a visible passband filter, the average transmittance is above 90%; (2) for an infrared passband filter, the average transmittance in visible and nearinfrared band from 0.4 to 2.5 μm is below 0.1%, while in the mid-infrared band above 2.5 μm, the average transmittance is above 90%. The requirement of very low visible and near-infrared transmittance for an infrared passband filter guarantees good infrared imaging because the visible light is too strong when working in daytime.
Design of the infrared passband film
Generally, two kinds of techniques can be used for making a microfilter array. One is based on organic dye and the other is based on optical interference thin films. We chose the latter, as the multilayer interference thin film method is more flexible and reliable. With powerful design software and an accurate coating technique, if not entirely, at least in theory, any highquality optical filters can be produced by the multilayer thin film method. Furthermore, this kind of filter is more hard and durable to resist harsh environments than an organic dye-based filter (filters made by mixing different kinds of organic dyes may fade as time goes by).
The infrared passband is a plain long wave pass filter. Ordinary normal quarter-wave multilayer stack will fulfill the requirement. But the stop band is too broad. In order to reduce the total thickness of the passband film, the higher the refractive index ratio of the constitute materials, the better. Moreover, if we use a material which can absorb short wavelength light, the total thickness of the film will be reduced further. Germanium (Ge) is such an ideal material. Therefore, Ge and yttrium fluoride (YF 3 ) have been chosen as the high and low refractive index materials, respectively. The basic stack formula is shown below:
where H is Ge, L is YF 3 and M is Y 2 O 3 . The Y 2 O 3 is used as an adhesive and protective layer. To suppress the ripples and improve the transmittance in the infrared spectral region, optimization is needed. Figure 2 is the optical property after optimization. The light of wavelength below 1 μm is absorbed by the germanium and not shown in this figure.
Design of the visible passband film
It is difficult to successfully design the visible passband filter using the technique adopted in the infrared passband. Since some high-level reflecting bands will exit from the visible spectral region using the normal quarter-wave multilayer short-wave pass filter design method, the total transmittance of the visible light will be reduced [7] . So we have to apply a new method. It is a three-layer system based on ZAO (ZnO:Al) which has high infrared reflectivity and excellent visible transmittance [8] . ZrO 2 and MgF 2 are the interference optical materials to match ZAO to increase the transmittance in the visible band and also as protecting layers. The simulated transmittance of the visible band is shown in figure 3 .
Fabrication of a microfilter array
The fabricating process is based on standard technologies used in the semiconductor industry. There are mainly two kinds of methods for patterning strips: one is lift-off and the other is dry etching. Both have advantages and disadvantages. Liftoff is a simple, easy to conduct and cost-effective method.
In this method, a sacrificial resist layer is first patterned on the substrate followed by subsequent deposition of the required filter materials. The resist layer is then dissolved in a suitable solvent, lifting off the filter materials on top of the resist and leaving only the materials in the resist opening area. This technique is usually applied for large feature sizes such as long microstrips with a width of several microns. However, when the microstrip width becomes narrower and a high precision is required, difficulties will arise when using the lift-off process, because it is hard to control microstrip width with submicron precision. In this circumstance, dry etching is superior to lift-off and it can control the feature size more precisely. However, dry etching is costly, selective and more complex because different materials may need different etching parameters [9, 10] . The total dimensions of the microfilter array chip are 2 cm × 1.8 cm and each pixel is 30 μm × 30 μm. To avoid the impact of visible light, the width of the designed infrared microstrip is larger than the width of CCD pixel, which is 43 μm. As a result, the width of the visible channel is only 17 μm. Although the width of the visible channel is much smaller than the width of the pixel, it is enough for visible imaging because of the high visible sensitivity of the PtSi film. As our primary concern is to eliminate the influence of the visible light when taking infrared images and the pixel size of the CCD is 30 μm × 30 μm, the total allowed fabrication tolerance of lateral shift is (43 μm −30 μm)/2 = 6.5 μm. The designed length of a single strip is 100 μm longer than the total length of 512 pixels, so in the direction along the strip, there is enough room left for fabricating errors.
The width of the microstrips is big, so lift-off is suitable. Figure 4 shows the fabricating process flow chart. From (A) to (D), the Au pads are first fabricated on a double-side polished sapphire substrate with a diameter of 2 in and a thickness of 0.45 mm for later flip-chip bonding. From (E) to (H), the visible passband arrays are fabricated, and from (I) to (L), the infrared passband arrays are fabricated. The Au pads and the infrared interference thin film filter arrays have been deposited by the ion-beam-assisted electron beam evaporating technique while a ZAO layer has been deposited by RF magnetron sputtering. All of them were patterned by lift-off as mentioned previously. After defining the pattern of visible passband strips, the ZAO thin film was deposited by RF magnetron sputtering with a ZnO target doped with 2 wt% Al 2 O 3 (99.99% purity). Sputtering was carried out at room temperatures (about 23
• C) with an RF power of 150 W. The substrates were placed parallel to the target surface and 6 cm away from it. No oxygen was introduced in this process. The Ar gas flow rate was 20 sccm, and thus kept the chamber pressure at 7 × 10 −3 Torr during sputtering. The depositing rate was 13 nm min −1 and the total thickness was 350 nm. An AR layer based on ZrO 2 and MgF 2 was then deposited on the substrates by ion-assisted electron beam evaporation at room temperature to enhance the visible transmittance. After the unwanted film materials were striped, the patterned substrates were baked at 150
• C for 1 h in vacuum (10 −5 Torr) to solidify the ZAO microstrip film.
The infrared passband films were prepared by the ionbeam-assisted electron beam evaporating technique, and the temperature of the substrate was 250
• C. However, a conventional lift-off technique is no longer applicable to pattern an infrared passband thick film of about 4.2 μm. As the photoresist is unstable during the high-temperature depositing process, it is hard to obtain thick, adherent and well-defined patterns of the photoresist [11] . Many papers have reported how to strip a thick film, such as single-layer retrograde or undercut profile and double-layer T-shaped overhanging structure [12] [13] [14] . All of these techniques are expected to create bigger discontinuities at the patterned edges of the dielectric film by shadowing the incident flux of the coating materials, thus facilitating striping and improving the pattern quality obtained by lift-off. In this paper, we propose a new Figure 5 . Sketch of the lift-off using a T-shaped double-layer structure. The upper layer is ENPI negative photoresist, the middle layer is PI and the substrate is sapphire.
lift-off method to evade these difficulties of stripping a thick infrared film. It is a T-shaped overhanging structure using polyimide (PI) as the under support layer and ENPI negative photoresist as the upper overhanging layer. It is schematically displayed in figure 5 .
Polyimide (PI) is widely used in the semiconductor and MEMS process, mostly as a sacrificial and protective layer. Polyimide can be spin-coated up to several tens of microns. In addition, it can endure high temperature up to 350
• C, which may be the desired temperature for depositing dielectric materials. Consequently, by using polyimide as a sacrificial layer in lift-off process, subsequent deposition of passband film at a high temperature can be achieved. Thus PI is an ideal candidate material for fabricating infrared strips. Furthermore, it could be easily etched away by the ENPI developing and striping solution, so only one-step UV exposure is needed. The process flow for fabrication of a T-shaped double-layer structure is shown below. Among these processes, PI is baked at a low temperature and does not need to be imidized, thus making it easy to develop. Proper undercutting occurs after development and makes PI suitable for lift-off. After the top ENPI layer is stripped away, high temperature deposition can be done in the next step.
Results and discussions
Optical performance of the microstrip filter
Optical performance of the microfilter arrays has been tested by an optical microscope, spectrometers and Fourier transform infrared spectroscopy (FTIR), and the results are shown in figures 6-8. Visible and near-infrared transmittance have been measured using a UV-Vis-IR spectrometer (Lambda 900, PerkinElmer) and middle-infrared transmittance has been measured by using FTIR (Vertex 70, Bruker). In figure 6 , the upper panel is an optical micrograph (illuminated by visible light with a wavelength of 0.6328 μm). The white strips and the black strips are the infrared and visible passband arrays, respectively. The lower panel is its corresponding reflectance versus distance curve. Figures 7 and 8 are the tested transmittances of the visible and infrared passband optical film, respectively. The test result of the visible band is close to the simulation curve shown in figure 3 , demonstrating that ZAO is suitable for blocking infrared but transmitting visible radiation. We can also see that the coated infrared passband film has very low visible and near-infrared transmittance, which makes it ideal for mid-infrared imaging. From these curves, we can see that the technical requirements are met.
Features of the microfilter array
The capability of striping a thick infrared film by the T-shaped overhanging structure, which is formed by ENPI negative photoresist and a PI double layer, is testified by a scanning electron microscope (SEM, Quanta 200, FEI Corporation). Figure 9 (a) shows the microstrip array near the edge of the substrate, where the upper-left corner is a gold pad. It is shown that the infrared microstrips are more than two times wide than the visible passband microstrips and have a trapezoid cross-section as shown in figure 9 (b). Precise dimensions are labeled in figure 10 , which give the height of the infrared filter film of about 4.2 μm. The trapezoid-shaped infrared pattern has an upper-side width of 37.48 μm and a bottom-side width of 44.69 μm. The large difference between the upper and bottom widths comes from the fact that the underneath PI is developed in an isotropic way, thus prolonging the overhanging structure and decreasing the width of PI. Consequently, in evaporating deposition, the oblique income material flux may deposit underneath the protruding ENPI layer, so the actual cross-section profile of the infrared strip is a trapezoid. To eliminate this effect, the developing time should be controlled precisely. Obviously, there is a trade-off between obtaining good striping quality and controlling pattern feature size deviation. Figure 11 is the diced microstrip filter array chip.
Environmental durability test
The patterned microstrip filter films proved to be durable with respect to both mechanical and thermal stresses. Reliability and environmental durability testing have been performed. The filter chips were washed by ultrasonic cleaning for 20 minutes and immersed in boiling water for 2 h; they were later immersed in liquid nitrogen for 3 times, each time lasting 30 minutes and at last exposed in a high humidity chamber for 4 months. We have seldom observed any delamination, crack or lack of adhesion occurred in the filter strips.
The integration was done in the Chongqing Optoelectronics Research Institute. The PtSi infrared CCD chips with integrated microfilter arrays have been demonstrated to have good multispectral imaging performance.
Optical efficiency of the hybrid integrated chips
The optical efficiency was evaluated for hybrid integrated chips with a 10 μm gap. Since it is hard to measure the optical efficiency of the developed device after the microfilter array has been integrated with the CCD chip, we made some theoretical calculations to assess the total optical efficiency of the integrated detector system. There is a passivation layer of SiO 2 on the PtSi CCD sensing pixels. Because of the multiple reflection occurring at the interface of the SiO 2 and air, about 7% of the incident light is reflected back. The calculated average efficiency is around 88% for both passband filters.
Conclusion
A microfilter array for integrating with PtSi CCD has been designed and fabricated. The visible band and infrared band interference film have been deposited by RF magnetron sputtering and ion-beam-assisted electron beam evaporation, respectively. A new simple, effective lift-off technique has been developed and adopted to strip a thick infrared optical interference film. The optical properties of the coating were tested and proved to meet the requirements. The resultant microfilter array is durable, which makes it practical for multispectral imaging applications. The significant advantage of this dual-band hybrid FPA structure is that it is very simple and easy and inexpensive to fabricate. The hybrid integration scheme introduced here is flexible. These techniques for fabricating a microstrip filter array can also be used to produce a checkerboard style microfilter array, which has equal spatial resolution in both directions.
It is noted that since the quantum efficiency of the PtSi CCD in the infrared spectral region is relatively low, our scheme described here cannot replace the traditional imaging scheme especially when the high level of performance is needed, for example, a system using an optical beam splitter to separate the visible and the infrared light, and a cryogenically cooled InSb photodiode and a silicon detector as the MWIR and the visible detector, respectively. But this traditional multispectral imaging system is much complex and bulky compared with the integration solution.
